Keeping in mind the growing concern of sustainability, the present study aims to develop a hands-on technique for potable water production by using a portable single-basin solar still, which is constructed with low-cost, locally available and lightweight materials. The performance of single-basin solar still were investigated using different essential operational variables, which include weather condition, water salinity, brine water depth, and addition of glass marbles as energy absorbing material. Ambient weather conditions were found to have direct effect on the productivity of the still. The solar still productivity increased by 29% when a layer of glass marbles was used. The study also showed that the daily water production increased with the decrease in the initial depth of brine water. Estimating a useful life of 4 years of the solar still, an average cost of produced potable water was defined to be BDT 0.35 per lit. In addition, some important water quality parameters were tested and compared with drinking water standard values. The obtained values were found to be in line with the drinking water standards of WHO.
Introduction
Bangladesh, having a population of more than 157 million, is one the most densely populated countries in the world [1] . Approximately 16.5% people in this country lack access to an improved water source. Besides, more than 80% of the total population of Bangladesh lives in low-lying land where monsoon floods contaminate water sources. Apart from that, water sources are very often polluted by chemical impurities and harmful organisms. It is also neither feasible to carry a huge amount of potable water on a regular basis nor possible to establish water distribution pipelines to the vulnerable communities because of insufficient infrastructures and economic predicament. As a result, the availability of safe drinking water has become a main problem for the communities who live in remote and hard-to-reach areas. To address this problem, researchers have been investigating since long and have proposed several sustainable and nonconventional technologies which include but not limited to rainwater harvesting [2] [3] [4] and solar distillation [5] [6] [7] .
Being a tropical country, Bangladesh is recognized for reasonably high intensity of solar radiation, which can be utilized for drinking water production through the use of solar stills. Solar stills are mainly categorized into two distinct types namely active solar still and passive solar still. Water in the still undergoes direct heating in case of passive solar still whereas in case of active solar still; water undergoes heating by sunlight as well as by preheated water [8] . However, there are three different factors reported to affect the productivity of basin type solar stills: climatic, design and operational conditions. The climatic conditions include solar intensity, ambient temperature, wind velocity and so forth, while design conditions include type of stills, materials of construction, sun tracking system, inclination of cover etc. Operational conditions, on the other hand, mainly include water depth in the still, extent of salinity, addition of dye as well as energy absorbing materials [8, 9] . Even though sunlight is an abundant source of energy and incurs a zero fuel cost, it requires more space as well as more equipment for collection [10] . Still it is considered as an economic and safe way of supply of pure water in remote and hard-toreach households who do not have access to potable water.
Numerous studies (both experimental and theoretical) have been reported analyzing design features, performance aspects of solar stills in the view to enhance productivity and sustainability. The effect of incident solar radiation on water productivity has already been well documented in many literatures [11] [12] [13] [14] [15] [16] . Very understandably it was the most affecting parameter on the solar still productivity because it directly affects the ambient temperature, which results a change in water temperature of the still and its vaporization. Nandi et al. [17] stockpiled the global radiation data of different cities of Bangladesh (including Jessore, the current research area) over the year (Fig. 1) . It is evident that even though the global radiation rate is high in the period of February to June, the remaining period of the year also receives an average radiation rate of higher than 4 kW/m 2 •day. AlHinai et al. [18] investigated performances of doubleeffect and single-effect solar still under different climatic, design and operational parameters in Oman and found 15.7% cost savings with double-effect solar still. Water depth [19, 20] , inclination of cover [21] , salt concentration [22] , surfactant additives [23] and other effects [24] have been reported to improve the overall performance of solar stills. Fig. 1 . Solar radiation over 31 cities (including Jessore) of Bangladesh [17] .
The aim of the present study was to construct small, portable and low-cost single slope solar still to convert brackish water into potable water by using solar energy in remote and hard-to-reach areas in the context of Bangladesh. Moreover, different factors e.g. temperature, water depth, salt concentration etc. were investigated to find an improved performance as well as an increased production from the solar still in passive mode. Quality of the produced water also tested in the laboratory.
Materials and Methods

Construction of single-basin solar still
By using locally available materials, a low-cost solar still was constructed. It consisted of a rectangular basin made of wood plank (16.0 mm) and particle board (4.1 mm thick). The basin was of 60 cm length, 42 cm width and 10 cm height. Black polythene (0.12 mm thick) was used as basin liner. Basin liner is a major part of solar still because it absorbs the incident radiation that is transmitted through the cover [25] . Black polythene used in this research not only minimized the cost of construction but also acted as an insulator at the same time. On this tray a frame of small wire (3.8 mm diameter) was set and covered with transparent polythene (0.09 mm thick) so that sunlight can be projected onto the brackish water. The average transmissivity of the transparent polythene cover was 0.71 -0.73 [26] . The frame can restrain the deformation of polythene cover. Tray and cover were constructed in such a way that the condensed water could drop down to a distillate channel from where water could be collected. The distilled water was collected in plastic bottles (insulated with rags) through plastic pipe. Once fabricated, the whole set-up could be moved easily from one place to another. The cross-sectional view of the constructed single-basin solar still is shown in Fig. 2. 
Working principle and Field test
Brackish water was stored in the rectangular tray. The incident solar radiation transmitted through the Fig. 2 . Cross-sectional view of single-slope single-basin solar still with glass marbles transparent polythene cover was absorbed by saline water, energy absorbing materials (if used) and the basin liner material. The energy absorbed at the base was largely transferred to the water in the still [27] . Thus the saline water was heated by solar radiation and only water was evaporated. The evaporative water vapor is transferred to the inner side of roof and wall surface and then condensed there by releasing the latent heat of vaporization. The condensed water flowed down along the surface due to gravity to distillate channel and collected in insulated bottle through pipe. The collected water was analyzed to determine pH, turbidity, total dissolve dissolved solid, total hardness, chloride, iron, nitrate and alkalinity. The analyses were conducted at the Chemical Engineering Laboratory, Jessore University of Science and Technology, Bangladesh and at the laboratory of Asia Arsenic Network, Jessore, Bangladesh using standard methods.
Temperature distributions (inside and outside of the system) were measured at four different points as shown in Fig. 2 . The amount of distilled water was measured every hour during the experiment. However, the field experiments were conducted on the roof of a five-storied academic building of Jessore University of Science and Technology between 24 April 2013 and 3 August 2013. The produced water was collected from 9:00 to 18:00 hrs.
Parameters affecting productivity of the solar still
There are various parameters affecting the productivity that include but not limited to solar intensity, ambient temperature, wind velocity, water temperature, temperature difference between water and cover, depth of water and salinity of water. Since the meteorological parameters (solar intensity, ambient temperature and wind velocity) cannot be controlled, we varied other parameters (water depth, salinity etc.) to find the variation in productivity of the solar still. 
Efficiency improvement using absorber medium (glass marbles)
Unconventional designs and techniques (using different solar energy absorbers e.g. violet dye, charcoal, black cotton cloth etc.) are reported to be useful for improvement of performance of solar stills [28] [29] [30] . A packed single layer of glass balls is reported to facilitate the heating operation of still water throughout the daytime and even after sunset [31] . In this research, the effect of using glass marbles as absorbing material was investigated. 
Results and Discussion
Diurnal variations of temperatures and production
Effect of variation in temperatures (ambient, water, moist air and inside cover) on solar still productivity is thought to be crucial for understanding an economic design of the solar still. Malik et al. [11] proposed a theoretically whereas Badran [25] showed experimentally that temperatures at different locations of a solar still are vital parameters for productivity enhancement of a solar still. However, Fig. 3 shows the diurnal variations of temperatures at different locations of the still and cumulative production. Highest water temperature, inside cover temperature and ambient temperature were observed at the time between 13:00 to 14:00 hrs. This is due to the fact that the solar radiation is also highest at this time period [32] . It is also found that the water temperature was the maximum followed by inside cover temperature and ambient temperature, respectively. The inside cover temperature is less than that of water because the moist water travelled to the cover and released latent heat producing liquid water. Figure 3 also depicts the cumulative water production over the studied period. The production increases from the beginning and reaches maximum at 14:00 hrs and then starts to decrease. These plots clearly indicate that the productivity is influenced by the solar radiation intensity and thus by ambient, water and inside cover temperatures. 
Effect of salinity of water
Salt concentration is one of the important factors affecting the productivity of a solar still. Muftah et al. [8] and Sivakumar and Sundaram [27] reviewed techniques of solar still efficiency as well as various factors that are responsible for change in productivity and showed that salinity has a great effect on solar still productivity. Effect of salt concentration in the initial water was investigated and the result was depicted in Fig. 4 , which showed that the production of the solar still decreases with the increases in salt concentration. Since the salinity of seawater varies from 30 -40 g of salt per liter, the present result confirms that the seawater can be treated too with this solar still to obtain potable water. Such inverse relationship between water production and salt concentration may be explained with the surface tension of the brackish water contained initially in the still. Addition of salt increases the surface tension and hence decreases the rate of evaporation at a specific temperature. Similar results have been found by Rai et al., who studied experimental performances of a single basin solar still coupled with flat plate collector [33] . Even though the increase in salinity tends to increase the threat of corrosion damage to the components of the solar still, it requires different array of research that is out of scope of this present work.
Effect of initial brine water depth on water production
Initial water depth in the solar still is thought to actively influence the performance of a still [34] . It is one of the important parameters that affect the internal heat and mass transfer for solar still resulting the water production of the solar still [19, 25] . Effect of brine water depth on water production was investigated by varying the brine depth and keeping all other conditions same. The results are depicted in Fig. 5 from where it is obvious that initial water depth in the solar still has an effect on water production. It is found from the figure that the productivity of the single-basin solar still increases by 13.7% with the decrease in brine water depth from 5.08 to 2.54 cm. This can be attributed to the fact that higher heat absorption capacity of the water at lower water depth results to higher water temperature and consequently increase in evaporation rate. The obtained results in this research are in very good agreement with that obtained by Nafey et al. [35] and Ahsan et al. [36] who conducted experiments for finding out different parameters affecting the solar still productivity in Suez Gulf area and Malaysia, respectively.
Solar still efficiency improvement
Solar still efficiency was investigated by using glass marbles and the data are presented in Fig. 6 . Productivity by using marbles, solar energy absorbing material, superseded the productivity without using marbles throughout the observation period. This result indicated that glass marbles could absorb solar radiation at higher rate and facilitated the production of distilled water. It is obvious from the figure that volumetric production increased substantially, which can be attributed to the high absorbency of the glass marble.
The cumulative water production was depicted in Fig.  7 . Quite expectedly the cumulative water production by using glass marbles was higher than that of without using marbles. The cumulative water production was calculated and 29% increase in efficiency was observed. Although black ink [28] , black rubber [28] , inorganic salts e.g. K 2 Cr 2 O 7 , KMnO 4 , CuSO 4 etc. [28, 37] are reported to increase the solar still efficiency, locally available and cheap glass marble has initiated a huge scope of efficient water production for domestic use. It is obvious from the figure that volumetric production increased substantially, which was determined to be 29%. Table 1 shows the tested results (quality parameters) of synthetic water before and after conducting experiment using the single-basin solar still. As it is seen, the pH value remains within the acceptable range. The salinity in terms of chloride concentration was also found to be 117 -126 mg/l, which is within the permissible limit of Bangladesh drinking water quality standards as well as WHO standards [38] . According to drinking water quality standards, the total dissolved solids (TDS) and total hardness are less than 600 mg/l and 500 mg/l, respectively. From the test results of obtained water it is found that the measured TDS and total hardness remain under the standard values. Apart from that nitrate was found to be absent in the water and at the same time a faint odor was noticed in the present research due to use of polythene. 
Cost analysis
Solar distillation is one of the most economical systems compared to the other distillation systems because of the cost-free energy from the sun as well as cheap materials of construction. Cost analysis of single basin solar still was carried out by measuring all costs of component used to construct the complete set of the solar still in this work. Table 2 shows total cost in Bangladesh currency (BDT) of two single-basin solar stills. Total cost was calculated to be BDT 690, which means that the construction cost of a single solar still is BDT 345. Since for the durability of the solar stills, a life of over four or five years cannot be guaranteed, a four of durability is commonly estimated [39] . Considering 4 y of design life of the solar still [39, 40] , the total production throughout this life is estimated to be 992.8 lit resulting production cost of water of BDT 0.35 per lit. Even though a universally comparable cost calculation is not possible because of different methods of cost estimation, different design aspects, different extent of per capita energy consumption at different localities and variation in price of materials, the cost calculated in this research is smaller than that estimated by Kumar and Tiwari [41] who used a glass-covered active solar still, Karima et al. [40] who produced water in potable solar still, and many other researchers. 
Conclusions
In this paper, the effects of several operational parameters (e.g. temperature, salinity, water depth, addition of heat absorbing material etc.) affecting the performance of low-cost and portable single-basin solar still have been investigated. It is obvious that the temperature is directly proportional to the production. The water production of the solar still is found to decrease with the increases in salt concentration. The brine water depth plays an important role and it is evident from the results that the water production increases with the decrease in water depth. The efficiency of the solar still increases with the addition of energy adsorbing material such as glass marbles. The obtained water quality parameters are within the ranges of drinking water standards prescribed by WHO. Solar still is an attractive option and very good alternative for obtaining fresh and potable water for domestic use. In cases of natural disaster such as flood, cyclones, storm surges, river bank erosion etc. when drinkable water is not available to the most vulnerable people, it might be a potential alternative for water production in disaster-prone areas. The design and construction is straight forward so that it can be constructed and operated by anybody with a very little or even no technical skill. The system would render more competitiveness with other renewabledesalination technologies in small-scale water production.
